To measure the gas pressure in fuel pins during irradiation, a null-balance type pressure sensor embodying bellows and a self-regulating apparatus was devised. An innovation applied to the device was the method of sealing with alumina plug the end of the mineral-insulated cable constituting the lead wire for conveying the signals from the pressure sensor.
After verifying by out-of-pile test that was prepared in which a fuel pin containing UO2-pellets and the pressure sensor were accommodated, and it was irradiated during three cycles of JMTR operation. The pressure sensor and the controller worked-satisfactorily, the gas pressure being recorded through the three cycles of reactor operation. The applicability of this technique to practical measurements of gas pressure in fuel pins was thus established. KEYWORDS 
I. INTRODUCTION
A number of workers have studied the measurement of gas pressure in fuel pins during irradiation. In C.E.N.-Mol(1), for example, the gas pressure was measured by a pressure sensor using a strain-gauge. This type of pressure sensor has the advantage that the gas pressure can be measured continuously and with high resolution, and that fast transients of the gas pressure can be picked up, without the need of an additional gas line and a gas balance system installed outside the reactor. The disadvantage of this method is that the strain-gauge is liable to suffer radiation damage, when exposed to radiation for long periods. And the diaphragm for sensing the gas pressure is also damaged by radiation, and its physical properties may be modified by an extended irradiation.
This would introduce error in the pressure sensor , because its characteristics gas pressure-would thereby be modified. This drawback is overcome with the nullbalance method, in which the pressure sensor is balanced to zero displacement by adjusting the back pressure.
The pressure sensor has a diaphragm or bellows (single or double), which separates two lines, i.e. the fission gas line and the back gas line. The displacement of the diaphragm (or bellows) resulting from the increase of fission gas pressure is converted to an electrical signal, which regulates the back pressure, so that the displacement of diaphragm (or bellows) is reduced to zero. The fission gas pressure is determined by measuring the back pressure. This method is useful in radiation environment, because the fission gas pressure is not obtained by measuring the displacement of diaphragm (or bellows), and changes in the physical properties of the diaphragm (or bellows) by irradiation can thus be prevented from affecting the accuracy of measurements. Pressure sensors embodying a diaphragm have been developed in GETR(2), ANL(3), AECL(4), Halden (5) and that with bellows in Atomics International (AI) (6) .
The diaphragm type sensor has a fission gas line of small volume, compared with the plenum volume in the fuel pin, and the resulting error can thus be reduced. On the other hand, to assure high flexibility, the diaphragm must be thin, but this affects the durability of the diaphragm under large pressure differences. Also, welding of the diaphragm is rather difficult. Poor welding will risk failure of the diaphragm or reduce the accuracy of the pressure sensor by loose play acquired by the diaphragm.
The bellows type pressure sensor has a larger volume in its fission gas line, and the error is increased somewhat on this account, but bellows are more flexible than diaphragms, it can withstand higher pressure differences, and presents less difficulties in welding.
The greater flexibility
gives better sensitivity to the pressure sensor. For this reason, the null-balanced type pressure sensor with bellows was adopted in the Japan Material Testing Reactor (JMTR).
As lead wire for transmitting the electrical signals from the pressure sensor, a mineral-insulated cable (MI cable) is usually employed.
The difficulty encountered with this type of cable is that the insulation-resistance of the cable is lowered by infiltration of moisture into the cable unless the cable ends are well sealed. For cableend sealing, ceramic cement or glass is commonly used, but these materials are sensitive to radiation damage, and not suitable for extended use in high radiation environment.
To overcome this weak point, a new sealing technique was developed: an alumina plug was inserted into the end of the MI cable and brazed to assure gas-
tightness.
A controller for continuous measurement of the fission gas pressure was devised. The back pressure is automatically balanced with the fission gas pressure, regulation of the back pressure being obtained by means of electrical ON-OFF signals transmitted from the pressure sensor. The fission gas pressure is determined from the back pressure thus balanced with the pressure to be measured. After evaluation of the accuracy of the pressure sensor, an irradiation capsule was prepared, in which the pressure sensor was installed together with a fuel pin containing UO2-pellets, the sensor and fuel pin being connected through a capillary tube.
The capsule was irradiated in the JMTR at 30 MW for about 60 days, during three cycles of operation.
Pressure Sensor
The arrangement of the pressure sensor is shown in Fig. 1 , and its external view in Photo. 1. The element for sensing the fission gas pressure is a stainless-steel bellows 0.1mm thick, 8mm
outer pressures up to 70kg/cm2G. A movable electrical contact-point made from rhodium plated steel is fixed to the head of the The distance between the two contact-points can be adjusted by a screw, as shown in Fig. 1 . The fixed contact-point is insulated from the pressure sensor, by alumina washers. When the fission gas pressure is higher than the back pressure, the two contact-points touch each other, and when lower they are separated, thus producing ON and OFF signals. To transmit these ON-OFF signals to the apparatus for measuring the gas pressure, placed outside the reactor, a lead-wire is connected to the fixed contact-point.
The inner side of the bellows is connected with the fuel pin containing the fission gas, and the outer side of the same is linked to the back gas line.
The bellows assembly is contained in the stainless-steel housing.
The back gas line is provided with a filter for trapping dust to protect the electrical contact-points. Mineral-insulated cable (MI cable) is used for transmitting the electrical signals from the pressure sensor to the controller for measuring the gas pressure.
The diameter of the MI cable is 3.2mm; it is insulated with MgO and sheathed in stainless-steel tubing.
To prevent the entry of moisture into the MI cable, a special sealing was devised for the cable terminal in the pressure sensor. A plug made of alumina, with its surface partially metalized, is inserted into the end of the MI cable, and the sheath and the element wire of the cable are brazed independently onto the alumina piece as shown in Fig. 1 . The insulation between the sheath and the element wire is maintained by the unmetalized part of the alumina plug.
The volume inside the pressure sensor, into which the fission gas is introduced, is about 0.14 cm3, and it should be negligible compared with the total free volume in usual fuel pins, which includes the plenum volume, the volume between fuel-cladding and fuel pellets.
The errors of the pressure sensor can be divided into line pressure error, due to hysteresis and that due to repetition. The line pressure error is defined as the difference between the fission gas pressure and the back pressure at the time of back pressure measurement.
The line pressure error depends on the adjustment of the pressure sensor: when two contact-points are not in contact, the error increases with the distance between two contact-points and when they are in contact, it increases with the contact pressure acting between two contact-points.
The error due to hysteresis is the difference in the measured back pressures between that registered when the contact signal from the pressure sensor changes from ON to OFF and that when this is reversed, regarding as constant the fission gas pressure.
The error due to repetition is the scattering in registered pressures in repeated operation. Seven pressure sensors were prepared and tested.
The line pressure error, the error due to hysteresis and that due to repetition were within A durability test was made. The errors before and after 104 times of pressure sensor operation were compared, but no difference was observed.
Controller
The flow diagram of the controller for measuring the fission gas pressure with the pressure sensor is shown in Fig. 2 , and. its external view in Photo. 2.
The controller consists of the gas line, the controlling section and the measuring-recording section. Through the gas line is supplied and withdrawn the pressure regulating medium (usually He gas) providing the back pressure.
The controlling section embodies the system that controls the back pressure to balance with the fission gas pressure in the fuel pin. This section also governs the timing and sequence of measure- ments under taken on the three separate fuel pins that are monitored by the overall system (see Fig. 2 ).
The measuring-recording section contains the apparatus for determining and registering the back pressure, and the contact signals generated in pressure sensors. The measurement of the fission gas pressure in the fuel pins is performed as follows. The start switch is thrown in, which sets off the timer (A), and measurement of the gas pressure in a channel-channel 1 for example-is started.
The timer (A) governs the duration of measurement of one channel. As the gas pressure in the fuel pin increases, the inner pressure of the bellows in the pressure sensor increases and the bellows stretches out (see Fig. 1 ). Then the electrical contact-point on the bellows (movable contactpoint) touches the fixed contact-point and the contact signal-ON is produced.
The contact signal is transmitted to the controlling section, which transmits a signal to open the solenoid-valve VS-1. This connects the accumulator ACC-2 through the needle-valves V-2 and V-12, to the accumulator ACC-1, whose pressure is held constant by the regulating valve V-1. This raises the back pressure in the pressure sensor to approach that of ACC-1.
The rising back pressure applied to the bellows compresses it until the two contactpoints separate, and the contact signal-OFF is produced.
This closes the solenoid-valve VS-1. At this instant, the back pressure usually exceeds the fission gas pressure.
In order to correct this excess pressure, closure of VS-1 is linked with the opening of the solenoid-valve VS-3, which connects ACC-2 to the exhaust, and the back pressure decreases gradually until the contactpoints touch and VS-1 is opened again, and VS-3
Photo. 2 External view of apparatus for measuring gas pressure with pressure sensor closed. This cycle is repeated continuously while the timer (A) is active. Figure  3 shows how the fission gas pressure is measured with this system. The first, second , and third channels in the figure corresponds to the fuel pins A , B and C, respectively.
The back pressure is modulated in sawteeth pattern. The value of back pressure at the moment when the two contact-points touch (this corresponds to the time when the back pressure is equal to the fission gas pressure), is the measured fission gas pressure, as indicated at points a, b and c in the figure. The curve drawn, by joining the measured fission gas pressures-for example, points a, b, c-represent the variation in fission gas pressure, as indicated by the dotted curves in the figure. As soon as the period set by the timer (A) has elapsed, the timer (B) starts to operate. The timer (B) is used to set the exhausting period by operating the solenoid-valve VS-2, in order to drop the back pressure to near atmospheric pressure, in preparation for measurement of the next channel (channel 2, for example, in Fig. 3 ). When the time set by the timer (B) has elapsed, the timer (A) becomes operative. Fig. 3 Sequence of fission gas pressure measurement J. Nuch Sci. Technol., again, and measurement of the next channel (channel 2, for example, in Fig. 3 ) is started. The operation is the same as for channel 1, and after this, for example, it continues to the channel 3, 1 and 2, successively.
The accuracy of measurement of the controlling and measuring/recording section is largely determined by that of the pressure transducer and, that of the recorder which records the back pressure. The errors of these two elements An irradiation capsule was prepared to test in-reactor performance and durability of the pressure measuring system. A fuel pin connected to the pressure sensor through a capillary tube was placed in the capsule as shown in Fig. 4 . The fuel pin consisted of UO2-pellets, ZrO2-thermal insulators and other components, as shown in Table 1 . The fuel pin was surrounded with an aluminum thermal bond to remove heat generated in the fuel, and the thermal bond was enclosed in a 304 stainless steel outer tube.
A chromelalumel thermocouple of 1.6mm diameter was inserted in the plenum of the fuel pin to measure the plenum gas temperature.
Other chromel-alumel thermocouples of the same diameter were inserted in the capsule: T.C. No. 3 in Fig. 4 was fixed on the surface of the fuel pin to measure its surface temperature, and T.C. Nos. 4, 5, 6 and 7 were set at various points along the thermal bond to estimate the linear heat rating (W/cm) generated in the fuel.
The capsule was irradiated at 30MW for about The gas pressure, linear heat rating and plenum gas temperature are plotted in Figs. 5 (a), (b) and (c) against irradiation time covering three cycles of operation. The reactor power was as noted alongside the bottom curves.
In the first cycle, the gas pressure before irradiation was 0.0kg/cm2G. The maximum gas pressure at 30MW was 2.4kg/cm2G, and the plepressure was almost constant during operation at Fig. 4 Irradiation capsule containing fuel pin connected with pressure sensor through capillary tube Fig. 5 (a) Gas pressure, linear heat rating and plenum gas 30MW as seen from Fig. 5 (a) . The gas pressure immediately after, the first temperature. Thus the gas pressure had increased from 0.0 to 0.7kg/cm2G during this cycle. The calculated total free volume in the fuel pin together with the volume in the pressure sensor was about 1.7cm3, so that the calculated amount of released gas in the fuel pin was about 1.2cm3 at STP. Therefore, it can be considered that there was very little gas release in the fuel pin during the first cycle.
The gas pressure immediately before the second cycle was 0.2kg/cm2G, which was lower than that upon termination of the first cycle (= 0.7kg/cm2G). In the second cycle, the maximum gas pressure before the first scram (scram C in Fig. 5(b) ) was 3.0kg/cm2G. During the scram C, the gas pressure increased abruptly as shown in Fig. 6 . When the reactor power decreased from 30 to 6.7MW, the plenum gas temperature When the reactor power was brought to zero, the plenum gas temperature dropped from about ever, continued to increase up to 14.2kg/cm2G, in about 40min, even after the plenum gas temperature had already fallen to the level of the reactor coolant.
Upon restarting after the scram C, the gas pressure was nearly constant during from 20.2 to 14.2kg/cm2G during the scram D. Upon restarting the gas pressure at 30MW was and following shut down after the 2nd cycle, it regained the level of 14.0kg/cm2G.
The calculated amount of released gas during the scram C was about 23cm3 at STP, thus indicating that there was significant gas release in the fuel pin during the scram C, while upon restarting there was no more gas release.
The gas pressure immediately prior to the 3rd cycle was 14.0kg/cm2G as shown in Fig. 5  (c) , which was the same as that immediately after the 2nd cycle ( Fig. 5 (b) ). The maximum pressure at 30MW was 19,5kg/cm2G and the corresponding plenum gas temperature about was 13.7kg/cm2G and the vlenum gas temperawas nearly constant, and that just after 3rd cycle (=13.7kg/cm2G) was rather lower than that just before this cycle (=14.0kg/cm2G), so that can be considered that there was no gas release in the fuel pin during the 3rd cycle.
To examine whether the pressure sensor worked properly, the gas pressures were correlated with the plenum gas temperatures for the datad obtained during the start-up of the reactor in the 3rd cycle. The gas pressure is generally given is the gas pressure, n the quantity of gas in mols, R the gas constant, V1 and Ti are the volume and absolute temperature of the gas, respectively.
In the above equation, R is a constant and Vi is considered to be almost constant, and if there is no gas release, n is also considered to be constant. Thus the gas pressure changes linearly with the plenum gas temperature.
If the gas pressure had varied in conformity with the In the 3rd cycle, it is considered that there was no gas release and so n was constant. Figure  7 shows the gas pressure vs.
the plenum gas temperature in two start-ups of the reactor: the first start-up in the 3rd cycle and start-up after the scram E. It is evident from this figure that the gas pressure changed in proportion to the plenum gas temperature. Thus the gas pressure followed the gas equation, proving that the pressure sensor worked normally in this irradiation experiment.
A null-balance bellows type pressure sensor was devised, in which a new technique was applied on the MI cable for terminal sealing, and appropriate systems were adopted for self regulation and measurement.
To ascertain its in-reactor performance when used for fission gas pressure measurements, an irradiation capsule was prepared, in which a fuel pin of UO2-pellets was connected to the pressure sensor through a capillary tube. The capsule was irradiated at 30MW for about 60 days during three cycles of the JMTR operation and the gas pressure in the fuel pin was measured. The pressure sensor and the controller worked satisfactorily, and measurements of gas pressure was made without encountering any difficulty throughout the three cycles of reactor operation. Applicability of this technique to practical measurements of gas pressure in the fuel pins during irradiation has thus been confirmed.
